1. Introduction {#sec1}
===============

Electrostatic effects are critical for protein function.^[@ref1],[@ref2]^ In a typical enzymatic reaction, association and dissociation of substrates, cofactors, and products lead to fluctuations in the enzyme electrostatic potential.^[@ref3]^ In some cases, such changes can induce structural reorganization, altering subdomain contacts and protein--ligand interactions.^[@ref4],[@ref5]^ In addition, this reorganization can change ligand--ligand electrostatic interactions vital for catalysis.^[@ref6],[@ref7]^ Previous studies have characterized the role of subdomain reorganization and protein--ligand interaction in enzyme-catalyzed reactions. During enzyme catalysis, reactants must be brought in close proximity in order to reach the effective concentration necessary for the reaction. Nevertheless, the contribution of ligand--ligand interactions in enzyme catalysis has not been investigated.

DHFR has long served as a paradigm to investigate the biophysical basis of enzyme catalysis.^[@ref8],[@ref9]^ This enzyme catalyzes the transfer of a hydride from the C~4~ of NADPH to the C~6~ of protonated 7,8-dihydrofolate (DHF) to produce 5,6,7,8-tetrahydrofolate (THF) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). The DHFR from *Escherichia coli* (EcDHFR) has been central to many investigations due to the large-scale conformational changes that are associated with the catalytic cycle.^[@ref10]^ EcDHFR adopts two major conformations along its catalytic cycle, switching from the closed conformation in the reactant complex to the occluded form in the product complex ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B and [1](#fig1){ref-type="fig"}C).^[@ref10]^ In between these two states, the M20 loop (residues 9--23) interacts with the FG loop (residues 116--132) in the closed conformer and GH loop (residues 142--149) in the occluded conformer ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C).^[@ref10]^ Several techniques have been employed to investigate the role of these loop movements for EcDHFR catalysis, including the use of orthogonal infrared probes to monitor electrostatic changes within the enzyme's active site.^[@ref4],[@ref11]−[@ref13]^ According to these studies, electrostatic changes in EcDHFR correlate strongly with its conformational dynamics, which has also been implicated in forming the transition state during EcDHFR catalysis.^[@ref4],[@ref11]−[@ref13]^ However, crystal structures and NMR relaxation studies on DHFRs isolated from other organisms did not reveal such conformational flexibility; instead, the M20 loops remain in the closed conformation throughout the catalytic cycle.^[@ref9],[@ref14]^ Other structural analyses have also suggested that specific loop--ligand interaction in DHFR could facilitate catalysis,^[@ref15],[@ref16]^ but this is not widely observed in all homologues.^[@ref17]^

![(A) Reaction catalyzed by dihydrofolate reductase (DHFR). (B) Catalytic cycle of EcDHFR showing the five catalytic steps and the two major enzyme conformations adopted; green boxes denote the closed conformation and gold the occluded conformation. (C) Cartoon representation of EcDHFR showing the catalytic loops and conformation transition between the closed (green, PDB 1RX2) and the occluded conformation (gold, PDB 1RX6; DDF, dideazatetrahydrofolate is a mimic of the product, THF).^[@ref10]^ A variant of EcDHFR was generated where Ser148 was mutated to Pro to disrupt hydrogen bonding between M20 and GH loop, hindering formation of the occluded conformation.^[@ref10]^ (D) Overlay of the cartoon representations of EcDHFR (green, PDB 1RX2),^[@ref10]^ and BsDHFR (blue, PDB 1ZDR)^[@ref20]^ in their reactive closed conformations. Position of the infrared probe (Thr46) is shown as a yellow sphere. (E) Close-up view of the active site of EcDHFR in the Michaelis complex after 5 ns simulation shows the absolute direction of the probe (T46C-CN) and resultant local electric fields.](cs0c01856_0001){#fig1}

While earlier investigations of protein electrostatics relied exclusively on computational analysis,^[@ref1],[@ref2]^ VSE spectroscopy has been developed into an experimental technique to elucidate the relationship between electrostatic potential and protein function.^[@ref18],[@ref19]^ VSE originates from the intrinsic response of an infrared probe to an externally applied electric field. This calibration is then employed to calculate the magnitude of the electrostatic force experienced by the probe within a protein.^[@ref18]^ Here, using VSE and multiscale quantum mechanics/molecular mechanics (QM/MM) simulations, we probe electrostatic changes within the active site of three DHFRs with diverse conformational flexibilities. A nitrile probe was inserted within ∼5 Å of the reaction center of the enzymes by mutating an active site residue (Thr46) to a cysteine and subsequently labeling the sulfhydryl group with a nitrile.^[@ref21]^ The response of the transition dipole of the probe in the flexible EcDHFR was compared to the significantly less flexible DHFR from *Geobacillus stearothermophilus* and the S148P variant of EcDHFR (EcDHFR-S148P) using different combinations of ligand that mimic important steps along their catalytic cycle. This approach revealed that the cofactor induces a strong electric field when bound within the active site, but this electric field becomes attenuated in the Michaelis complex where both the substrate and the cofactor are bound. Investigation of this attenuation using QM/MM simulations on EcDHFR reveals that electrostatic changes in the enzymes result from counteracting electric fields projected by the cofactor and substrate when they are bound within the active site

2. Results and Discussion {#sec2}
=========================

2.1. Vibrational Stark Effect Measurements {#sec2.1}
------------------------------------------

Crystallographic studies of EcDHFR labeled with nitrile at position 46 revealed both the distance and the absolute direction of the probe within the active site ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E).^[@ref11]^ Positioned about 5 Å from the reaction center, the probe allowed electric field changes projected between the ligands to be measured. Since labeling with nitrile did not significantly perturb the enzyme's properties ([Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf) and [Tables S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf)),^[@ref11]^ the absorption frequencies of the probe in the apoenzyme, holoenzyme (E:NADPH), E:NADP^+^:folate, which mimics the Michaelis complex, and the product ternary complex (E:NADP^+^:THF) were recorded using a high-resolution FTIR spectrophotometer equipped with a nitrogen-cooled MCT detector. The difference in absorption frequencies between the complexes was subsequently converted to local electrostatic changes using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}where *h* is Planck's constant, *c* is the speed of light, Δ*μ⃗*~probe~ represents the difference in the dipole moments of the ground and the excited states expressed as the linear Stark tuning rate (cm^--1^/(MV/cm)), Δ*F⃗*~protein~ is the local electric field change experienced by the probe in the protein (in MV/cm) and Δ*ṽ*~obs~ is vibrational frequency shift (cm^--1^).^[@ref21]^

Stark tuning rates for nitrile probes \|Δ*μ⃗*~*CN*~ \|*f* were determined and given as ∼0.7 cm^--1^/(MV/cm).^[@ref22]^ The local correction factor *f* is between 1 and 1.8.^[@ref23],[@ref24]^ However, for simplicity and easy comparison with existing publications,^[@ref11],[@ref23]^*f* is taken as unity here. Direct hydrogen bonding to the probe can lead to deviations of the observed vibrational frequency from the Stark model.^[@ref25]^ Hence, NMR spectra of ^13^C-nitrile-labeled enzymes were measured and compared to a tandem FTIR-NMR calibration curve developed to correct for such deviations.^[@ref25]^ Analysis with ^13^C-nitrile-labeled enzymes bound in the same complexes as in the VSE measurements revealed a common deviation of ∼7 cm^--1^ ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf)) similar to a previous report;^[@ref11]^ thus, hydrogen-bonding correction was unneccesary. The enzymes (2--5 mM) were mixed with a 10-fold excess of each ligand, and the transition dipole of the probe was recorded. When EcDHFR was mixed with NADP(H) to form the holoenzyme, a high-frequency absorption of 2166 ± 0.2 cm^--1^ was observed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf)). However, this high-energy absorption decreases significantly when folate was added to the holoenzyme complex (2164 ± 0.2 cm^--1^), and a further decrease was noted when the product (THF) was used to replace folate (2160 ± 0.9 cm^--1^). The abortive E:NADP^+^:folate complex is an excellent mimic of the Michaelis complex (E:NADPH:DHF).^[@ref26]^ The transition from the Michaelis complex (E:NADP^+^:folate) to the product ternary complex (E:NADP^+^:THF) resulted in the largest Stark shift, which agrees with previous studies that conformational change between the closed and the occluded forms induces electrostatic effects within the active site.^[@ref4],[@ref11]−[@ref13]^ Another noticeable Stark shift in EcDHFR is observed for the transition from the holoenzyme to the Michaelis complex.

![Bar charts showing the vibrational frequencies of the probe in the holoenzymes (E:NADPH, blue), the Michaelis complexes (E:NADP^+^:folate, orange), and the product ternary complexes (E:NADP^+^:THF, green) of EcDHFR, EcDHFR-S148P, and BsDHFR. Average vibrational frequencies from computational calculations of EcDHFR when randomly selected structures from the 501 simulated structures were used are represented as rectangles, while circles represent when only the last 50 ps structures are used. Error bars are omitted for clarity.](cs0c01856_0002){#fig2}

When a similar analysis was carried out with the thermophilic BsDHFR, the probe also reported a high-energy absorption when the cofactor binds, giving a vibrational frequency of 2166 ± 0.4 cm^--1^ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), similar to that measured for EcDHFR. Similarly, the binding of folate to the holoenzyme of BsDHFR also caused a significant decrease in the high-energy absorption. However, the product ternary complex of BsDHFR differs from that of EcDHFR, so that transition between the Michaelis complex and the product ternary complex of BsDHFR resulted in a blue shift of 1.2 cm^--1^ corresponding to a local electric field change of 1.7 MV/cm, whereas the same transition in EcDHFR showed a red shift of −3.7 cm^--1^ (−5.3 MV/cm).

Due to the difference observed for the product ternary complexes of EcDHFR and BsDHFR, the variant of EcDHFR (EcDHFR-S148P) that remains in the closed conformation throughout its catalytic cycle was tested.^[@ref27]^ When electrostatic trends in the variant were measured, the results revealed that the S148P mutation altered the electric field, showing a similar trend as that of BsDHFR ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Notably, the transition from the Michaelis complex to the product ternary complex in the variant resulted in a blue shift of ∼1.2 cm^--1^ (i.e., 1.7 MV/cm), which is identical to the value obtained for BsDHFR, suggesting that the significant electrostatic change between the Michaelis complex and the product ternary complex of EcDHFR is likely due to its conformational dynamics. The three enzymes showed similar high-energy absorptions in their holoenzyme complexes, independent of their temperature adaptation and flexibilities. In addition, they exhibited large electrostatic changes between the holoenzyme (E:NADP(H)) and the Michaelis complex (E:NADP^+^:folate) even though they adopt the closed conformation in both complexes, an observation also reported in a previous study when NADPH replaced NADP^+^ in the Michaelis complex.^[@ref11]^

2.2. QM/MM Simulations {#sec2.2}
----------------------

To explore the origin of the high-frequency absorption in the holoenzyme and the electrostatic change that occurs in the Michaelis complex, QM/MM simulations of EcDHFR in the different complexes were performed. First, we carried out an exhaustive benchmark analysis of different QM Hamiltonians (3 semiempirical methods and 18 density functionals) with a reduced gas-phase model using MeCN and MeSCN. The BVP86 functional with a standard 6-311++g(d,p) basis set was found to reproduce the experimental frequencies of the molecules ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf)). Inclusion of anharmonicity has a negligible influence on the overall frequencies ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf)). Calibration of the absorption frequency of the probe with MeCN and MeSCN shows a correlation between the Stark shifts and the charge redistribution when the electric fields are applied longitudinally to the nitrile bond ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf))

Hybrid QM/MM simulations were then carried out on the three complexes of EcDHFR, including the closed holoenzyme (E:NADPH), the closed Michaelis complex (E:NADP^+^:folate), and the occluded product ternary complex (E:NADP^+^:THF). Five hundred one random structures from each of the MD simulations of the complexes were selected for QM/MM calculations ([Figures S16--S19](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf)). The QM/MM frequency distribution yielded average values of 2183.5 ± 31.3, 2169.9 ± 8.5, and 2177.8 ± 14.0 cm^--1^ for the holoenzyme, Michaelis complex, and product ternary complex, respectively ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, rectangles, and [3](#fig3){ref-type="fig"}). Indeed, our analysis agrees with the experiment, revealing that the binding of the cofactor induces a strong frequency absorption on the probe, which decreases significantly when the substrate binds. However, the simulations did not reproduce the trend observed in the product ternary complex. Indeed, the experimental trend was reproduced entirely when only the last 50 ps simulations were used to compute the average frequencies, giving respective values of 2180.0 ± 21.1, 2173.6 ± 6.6, and 2169.8 ± 13.5 cm^--1^ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, circles, and [Figure S19](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf)).

![Distribution of frequencies of the nitrile bond computed at the BVP86/6-311++g(d,p)/MM level of theory for 501 structures of EcDHFR selected from MD simulations for the holoenzyme, E:NADPH (blue), the Michaelis complex, E:NADP^+^:folate (orange), and the product ternary complex, E:NADP^+^:THF (green).](cs0c01856_0003){#fig3}

Although the system can be considered equilibrated based on the RMSD computed on the atoms of the backbone of the protein ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf)), the movement of the amino acid side chains during MD simulation can have a significant effect on the frequency of the probe, which is sensitive to changes within the microenvironment. This computational analysis challenged the previous analysis where the VSE of EcDHFR was quantitatively illustrated using computational studies.^[@ref11]^ We attributed this to the fact that the use of a few structures could provide the fortuitous agreement, as acknowledged by Hammes-Schiffer, Benkovic, and co-workers.^[@ref11]^ Notably, the discrepancies between the trends relate to the inherent flexibility of EcDHFR, which limits the computational approach to accurately predict the vibrational frequency. Nevertheless, it shows that hydrogen-bonding rearrangement within the active site plays a crucial role in electrostatic preorganization (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).

![Values of the total electric field projected by EcDHFR on the C--N bond for the (A) holoenzyme (E:NADPH), (B) Michaelis complex (E:NADP^+^:folate), and (C) product ternary complex (E:NADP^+^:THF). Blue dots represent selected structures with different nitrile frequencies but the same electric field, while red dots represent selected structures with different electric fields but with the same nitrile frequency. Values on the dots represent hydrogen-bonding contributions to the electric field; 1 au ≡ 5.14225 × 103 MV/cm (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf) for details).](cs0c01856_0004){#fig4}

Further analysis reveals that the inherent flexibility of EcDHFR involves significant rearrangement of hydrogen bonding, leading to structures with similar electric fields but different vibrational frequencies and vice versa ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). This highlights the highly flexible nature of EcDHFR, which is different from enzymes previously investigated by IR spectroscopy.^[@ref24],[@ref28]^ The result, therefore, reinforces the need for large conformational sampling and rigorous statistical analysis of flexible proteins to accurately predict their Stark shifts. It is important to point out that the standard deviations reported for in silico calculations of single molecules originate from the statistical distribution and are distinct from experimental errors, which are obtained from ensemble averages.^[@ref29]^

Continuing the computational analysis, the total electric field experienced by the probe in the three states (holoenzyme, Michaelis, and product complexes) were deconvoluted. Our simulations show that the cofactor propagates a high electric field in all of the complexes; it is the major contributor to the total electric field projected toward the probe ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). In addition, our analysis reveals that folate produces a counteracting electric field toward the probe, such that the vector of the electric fields produced at the midpoint of the nitrile bond is attenuated in the Michaelis complex as a consequence of substrate binding ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). A similar observation was measured when THF was used. Hence, counteracting electric fields between the cofactor and the substrate could explain the large electrostatic change during the transition between the holoenzyme and the Michaelis complex. Since the Michaelis complex bears significant resemblance to the reaction-ready configuration, we hypothesize that a conducive electrostatic environment for catalysis within the enzyme is attainable only because of the offsetting of the electrostatic interaction between the cofactor and the substrate.

###### QM/MM Theoretical Calculation of the Frequency of the Nitrile Bond (ν), Total Electric Field, in au, Projected on the Nitrile Bond (*F⃗*~all~), and Its Contributions from the Cofactor (*F⃗*~NADP~) and the Substrate (*F⃗*~fol/THF~)[a](#tbl1-fn1){ref-type="table-fn"}

  EcDHFR complex     ν (cm^--1^)     *F⃗*~all~           *F⃗*~NADP~          *F⃗*~fol/THF~
  ------------------ --------------- ------------------- ------------------- -----------------
  E:NADPH            2183.5 ± 31.3   --0.0127 ± 0.0054   --0.0079 ± 0.0011    
  E:NADP^+^:folate   2169.9 ± 8.5    --0.0050 ± 0.0036   --0.0082 ± 0.0020   0.0003 ± 0.0014
  E:NADP^+^:THF      2177.8 ± 14.0   --0.0078 ± 0.0034   --0.0069 ± 0.0009   0.0017 ± 0.0009

Values averaged over 501 structures selected from the 5 ns classical MD simulations of EcDHFR T46C-CN.

During the transition of EcDHFR from the closed to the occluded conformation, the high electric field propagated by the cofactor becomes partially excluded from the active site ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), which likely accounts for the overall reduced electric field detected by the probe in the occluded conformer. Computational simulation supports this finding and shows that the electric field propagated by the cofactor toward the probe is reduced in the product ternary complex ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). A previous study has suggested that unfavorable ligand--ligand interaction that results from steric clashes between THF and NADP^+^ induces reorganization within the active site of EcDHFR, which leads to exclusion of the cofactor and the protrusion of the M20 loop into the active site.^[@ref10]^ Unlike EcDHFR, both BsDHFR and EcDHFR-S148P retain the closed conformation in their product ternary complexes because they are not able to form hydrogen bonding between the M20 and the GH loops.^[@ref20],[@ref27]^ This suggests that the ligand--ligand interaction is not significantly altered between the Michaelis and the product ternary complexes and provides a rationalization for the minor electrostatic changes observed between these complexes in the two enzymes ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Product release in BsDHFR is likely mediated by the increased flexibility within its cofactor binding domain,^[@ref31]^ bypassing the need for significant conformational or electrostatic changes, whereas EcDHFR-S148P exhibits product inhibition.^[@ref27]^ Hence, our result indicates that modulation of the ligand--ligand electrostatic interaction may, in fact, be a key factor in enzyme-catalyzed reactions.

To provide insight into the molecular changes during the chemical step, that is, the transfer of negative charge from the cofactor to the substrate, the electrostatic potential generated in the vicinity of the donor carbon of the cofactor (C~4~) in both the holoenzyme and the Michaelis complex was investigated. The computed values were −220.6 ± 15.9 and −202.1 ± 11.0 MV/cm/e in the holoenzyme and Michaelis complex, respectively. This suggests that the negative charge on C~4~ of the cofactor has a larger electrostatic stabilization in the holoenzyme than in the Michaelis complex, where an additional stabilizing electrostatic potential (−173.9 ± 12.9 MV/cm/e) on the acceptor carbon (C~6~) of the substrate was observed. The electric field projected along the donor--acceptor axis generated by the protein, cofactor, and substrate in the Michaelis complex (E:NADP^+^:folate) at the midpoint of the donor and acceptor atoms was calculated and found to be −13.9 ± 6.0 MV/cm. In alignment with observations made in a previous study,^[@ref11]^ the negative vector calculated here indicates that an electrostatic force is applied on the negatively charged C~4~ of the cofactor in the direction of the substrate, thereby facilitating transfer of the hydride ion. These findings reveal the role of cofactor--substrate electrostatic interaction in modulating electric fields at the midpoint of the reaction center in the holoenzymes and Michaelis and product ternary complexes of DHFRs. Although BsDHFR is less flexible when compared to EcDHFR, it also undergoes substantial electrostatic changes upon substrate binding in the Michaelis complex, where the ligands are brought into close contact. This suggests that ligand--ligand interactions that change along the catalytic cycle drive both the dynamic and the electrostatic changes required for catalysis. This contradicts previous suggestions that the electrostatic properties of DHFRs are mainly controlled by conformational changes during catalysis.^[@ref4],[@ref11]−[@ref13]^

A previous study has also shown that the orientation and proximity of the cofactor and substrate influence the p*K*~a~ of the substrate when bound in the Michaelis complex.^[@ref32]^ The binding of the cofactor to the substrate-only complex causes a p*K*~a~ change of ca. 2.5 compared to when only the substrate is bound.^[@ref33]^ Recently, a theoretical calculation on the beta-kinetic isotope effects on DHFR catalysis reveals that the cofactor polarizes the acceptor atom, increasing its bond length as the net electron density decreases.^[@ref34]^ Indeed, our simulations predict that adequate orientation of the electrostatic field propagated toward the donor--acceptor axis would favor the transfer of the negatively charged hydride ion. Furthermore, ligand--ligand electrostatic interaction of the cofactor with methotrexate, a major inhibitor of DHFRs, has been reported to enhance the binding of the drug by more than 100-fold.^[@ref35]^ This indicates that the cofactor--inhibitor electrostatic interaction enhances the drug's effectiveness. Hence, new enzyme inhibitors may be designed that exploit such ligand--ligand electrostatic interaction to increase potency.

3. Conclusion {#sec3}
=============

Here, we analyzed the electrostatic changes within the active site of EcDHFR, EcDHFR-S148P, and BsDHFR using VSE and QM/MM simulations. A nitrile probe inserted via cysteine post-translational modification to replace an active site residue (Thr46) was found to experience a strong electric field in the enzymes when bound to the cofactor (NADP(H)). However, this electric field decreases significantly when both the substrate and the cofactor are bound in the Michaelis complex. Computational simulations reveal that the cofactor contributes the major electric field toward the reaction center and that the substrate/product electric field counteracts those of the cofactor. Such a cofactor--substrate interaction is therefore partly absent in the product ternary complex of EcDHFR ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), accounting for the large electrostatic change between the closed and the occluded conformation. By comparing electric fields within the active site of EcDHFR, EcDHFR-S148P, and BsDHFR, this study contradicts a previous study that suggests the conformational change is relevant to the chemical step of DHFRs.^[@ref4],[@ref11]^ Instead, the electrostatically preorganized active site contributed by the cofactor--substrate interaction aids the formation of a conducive electrostatic environment for catalysis. While the role of the ligand--ligand interaction may have been observed for enzyme-catalyzed reactions between two identical ligands such as adenylate kinase,^[@ref36]^ previous work on DHFR and other enzyme models has largely ignored the role of ligand--ligand interactions on catalysis.^[@ref37],[@ref38]^ Provided that most enzymes do not undergo dramatic conformational changes like those that are found in EcDHFR,^[@ref39]^ the ligand--ligand interaction that controls the electrostatic properties is likely a more crucial factor in the creation of efficient enzymes.

![Electric field projected toward the probe in the holoenzyme (E:NADPH), Michaelis complex (E:NADP^+^:folate), and product ternary complex (E:NADP^+^:THF) by EcDHFR (left, PDB 4P66, green; PDB 1RX6, gold) and BsDHFR (right; PDB 1ZDR, blue).^[@ref20]^ Probe was modeled into each structure using the UCSF Chimera software^[@ref30]^ based on an earlier structure of EcDHFR (PDB 4P66).^[@ref11]^ Vibrational frequencies of the holoenzymes used as a benchmark for other complexes to calculate the electric field projected toward the probe according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.](cs0c01856_0005){#fig5}

4. Materials and Methods {#sec4}
========================

Chemicals were purchased from Melford, Apollo Scientific, Sigma, and Fisher Scientific except where otherwise stated. DHF was synthesized as reported previously.^[@ref40]^

Site-Directed Mutagenesis {#sec4.1}
-------------------------

Cysteine-free EcDHFR (C85A/C152S) and BsDHFR (C73 V) were used to make further mutations similar to previous studies.^[@ref41]^ The nucleotides changed for mutagenesis are underlined in the following primer sequences, and the variants are generated using established procedures.^[@ref42]^ EcDHFR T46C forward: 5′ GTGATT ATGGGCCGCCAT [TGC]{.ul}TGGGAATCAATCGGTC 3.′ EcDHFR T46C Reverse: 5′ GACCGATTGATTCCCA [GCA]{.ul}ATGGCGGCCCATAATCAC 3′. EcDHFR-S148P forward: 5′ CAGAAC [CCT]{.ul}CACAGCTATTCTTTTGAGATTCTG GAGC 3′. EcDHFR-S148P reverse: 5′ CTGTG [AGG]{.ul}GTTCTG CGCATCAGCATCGTG 3′. BsDHFR C73 V forward: 5′ GAA GGC [GTC]{.ul}CTGGTACTGCATAGCCTGGAAGAAGTG 3′. BsDHFR C73 V reverse 5′: GTACCAG [GAC]{.ul}GCCTTCCGG ACGAAAGCTACGGTTC 3′. BsDHFR T46C forward: 5′ CGT AAA [TGC]{.ul}TTTGAAGCGATCGGGCGTCCGCT 3′. BsDHFR T46C reverse: 5′CGCTTCAAA [GCA]{.ul}TTTACGACCCAT TACAATGGCATGACC 3′.

Protein Production, Labeling, and Characterization {#sec4.2}
--------------------------------------------------

Proteins were produced in BL21 (DE3) cells grown in LB media with 100 μg/mL ampicillin at 37 °C. Induction with 0.5 mM IPTG was at O.D.~600 nm~ of 0.6, and the cells were further grown at 20 °C overnight. Cells were harvested by centrifugation and resuspended in lysis buffer (50 mM potassium phosphate, pH 7.4, 1 mM EDTA). Purification was by anion exchange and size exclusion chromatography and concentrations determined by UV absorption at 280 nm.^[@ref27],[@ref43]^ Each enzyme containing a single cysteine residue was separately labeled with 2-nitro-5-thiocyanatobenzoic acid (NTCB) and 5,5′-dithiobis(2-nitrobenzoic acid) (DNTB) for infrared and ^13^C NMR spectroscopies, respectively.^[@ref21]^ Reaction progress was monitored at 412 nm due to release of 2-thio 5-nitrobenzoate (TNB) anion. The reactions were washed thrice with 12 mM KCN/K^13^CN with a concentration step after each wash. The labeled enzyme was finally purified through a Sephadex G-25 column pre-equilibrated with 100 mM potassium phosphate, pH 7.4. Labeling was confirmed by electron spray ionization MS and further characterization with kinetic analysis and circular dichroism spectroscopy (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf)).

FTIR Spectroscopy {#sec4.3}
-----------------

The abortive E:NADP^+^:folate complex is an excellent mimic of the Michaelis complex (E:DHF:NADPH).^[@ref10]^ The samples were purged with nitrogen and measured at 20 °C with a variable-temperature demountable liquid cell containing two CaF~2~ windows separated by a 25 μm mylar spacer from Specac Ltd. Spectra were measured with a Vertex 70 V spectrophotometer equipped with a nitrogen-cooled MCT detector composed of 2000 scans at 1 cm^--1^ spectral resolution. Spectral treatments used include first derivative, second derivative, and Gaussian fit of the background-subtracted spectra using Origin 9.0 from OriginLab Corp. The average of treatments from at least two independent measurements is reported as the absorption frequency and their standard deviation as error (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf) for details).

Nuclear Magnetic Resonance Spectroscopy {#sec4.4}
---------------------------------------

Samples were prepared as previously described with 2.0 mM of S^13^CN-labeled protein, 10 mM ligands, with 2.5 mM 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt as an external standard.^[@ref11]^ Samples were purged with nitrogen and protected from light. Measurement was on a Bruker Ultrashield 600 MHz spectrometer equipped with Bruker Topspin software version 4.0.2 at 20 °C.

Computational Simulations {#sec4.5}
-------------------------

Geometry optimization and frequency calculations of the nitrile bond of MeCN and MeSCN in the gas phase were carried out with the Gaussian09 package of programs (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf)).^[@ref44]^ The Michaelis complex (E:NADP^+^:folate) was prepared from the initial X-ray structure with PDB code 4P66.^[@ref11]^ This structure contains a nitrile probe (XCN) attached at position 46 as well as the C85A, D37N, and C152S replacements. NADP^+^ and MTX (methotrexate) were in the active site. MTX was manually modified to folate (N~4~ mutated to O~4~ and CM removed). When preparing the occluded product ternary complex (E:THF:NADP^+^), the initial structure containing the T46C-CN probe was obtained from PDB 1RX6([@ref10]) and three replacements were introduced, namely, C85A, C152S, and D37N. The active site contains NADP^+^ and DDF (5,10-dideazatetrahydrofolic acid), which was later modified to THF and the missing ring added to NADP^+^. The protonation states of titratable residues were determined with PROPKA ver. 3.0 3.^[@ref45]^ The structures of the two states were solvated by placing them in a 100 × 80 × 80 Å^3^ pre-equilibrated box of water molecules. Five nanoseconds of classical MD simulations were run to equilibrate the systems using the AMBER force field,^[@ref46]^ as implemented in NAMD software.^[@ref47]^ Parameters for both substrates were computed with Antechamber at the AM1 level,^[@ref48]^ while those for the cofactor were from previously published data.^[@ref49]^ The holoenzyme binary complex E:NADPH was prepared from the Michaelis complex, E:NADP^+^:folate, by removing the substrate and running 5 ns of classical MD simulations for equilibration (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf) for details). In order to carry out the frequency determination of the nitrile bond, a hybrid QM/MM scheme was used, where the probe was described by a BVP86 functional with the standard 6-311++g(d,p) basis set and the rest of the protein and water molecules with OPLS-AA^[@ref50]^ and TIP3P^[@ref51]^ classical force fields, respectively (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01856/suppl_file/cs0c01856_si_001.pdf) for details).
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